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Small molecule-triggered Cas9 protein with
improved genome-editing specificity

Kevin M Davis"?, Vikram Pattanayak3, David B Thompson'?, John A Zuris"2 & David R Liu"?*

Directly modulating the activity of genome-editing proteins has
the potential to increase their specificity by reducing activity
following target locus modification. We developed Cas9
nucleases that are activated by the presence of a cell-permeable
small molecule by inserting an evolved 4-hydroxytamoxifen-
responsive intein at specific positions in Cas9. In human cells,
conditionally active Cas9s modify target genomic sites with up
to 25-fold higher specificity than wild-type Cas9.

The RNA-guided endonuclease Cas9 from the type II CRISPR-
Cas system enables simple and efficient genome editing in a wide
variety of organisms. Virtually any target DNA locus can be cleaved
by programming Cas9 with a single guide RNA (sgRNA) that contains
a stretch of ~20 nucleotides complementary to the target sequence'.
Owing to its simplicity and robustness, the Cas9 system has been
widely adopted for biological research and therapeutic develop-
ment. The DNA cleavage specificity of Cas9 is imperfect®, however,
raising concerns over off-target genome modi-
fication that may limit its usefulness in thera-
peutic or research applications. Researchers
have reduced Cas9 off-target activity through
protein!®!'* and sgRNA!* engineering, and by
direct delivery of Cas9-sgRNA protein-RNA Cas9
complexes into cells'>-"7.

A complementary, underexplored strat- &
egy to improve Cas9 specificity is to reduce
its activity once it has had sufficient opportu- Evolved ligand-
nity to modify the target DNA locus. Indeed, ~ dependentintein
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available, cell-permeable small molecule. We previously evolved
inteins that undergo protein splicing only in the presence of
4-hydroxytamoxifen (4-HT)?. These inteins were developed by
inserting the human estrogen receptor ligand-binding domain into
the M. tuberculosis RecA intein and evolving the resulting inac-
tive fusion protein into a conditionally active intein that requires
the presence of 4-HT?'-2. Subsequent evolution at 37 °C yielded a
second-generation intein, 37R3-2, with improved splicing proper-
ties in mammalian cells?®. We envisioned that inserting the 37R3-2
intein into Cas9 at a location that disrupts Cas9 activity until protein
splicing has taken place could result in conditionally active Cas9
nucleases that are active only in the presence of 4-HT (Fig. 1a).
We genetically inserted the 4-HT-dependent intein at each of 15
positions in Cas9 (Cys80, Ala127, Thr146, Ser219, Thr333, Thr519,
Cys574, Thr622, Ser701, Ala728, Thr995, Ser1006, Ser1154, Ser1159
and Ser1274), chosen to distribute the location of the intein across the
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transcriptional control cannot limit activity
to the short temporal windows that may
be necessary to maximize genome-editing
specificity!”?, in contrast with the high tem-
poral resolution of post-translational strategies
that directly control protein activity.

To enable post-translational control over
Cas9 in cells, we sought to engineer variants
of Cas9 that can be controlled with a readily

Figure 1| Insertion of an evolved ligand-dependent intein enables small-molecule control

of Cas9. (a) Intein insertion renders Cas9 inactive. Upon 4-HT binding, the intein undergoes
conformational changes that trigger protein splicing and restore Cas9 activity. (b) The evolved
intein was inserted to replace each of the colored residues. Intein-inserted Cas9 variants at
Ser219 and Cys574 (green) were used in subsequent experiments. (¢) Genomic EGFP disruption
activity of wild-type Cas9 and intein-Cas9 variants in the absence or presence of 4-HT.
Intein-Cas9 variants are identified by the residue replaced by the intein. Error bars reflect

the s.d. of three biological replicates.
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structural domains of Cas9 (ref. 24) (Fig. 1b).
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Because intein splicing leaves behind a single
cysteine residue, the intein was inserted in 07
place of one Cas9 amino acid in each of the \E; 25 4
15 candidate constructs. Inaddition toreplacing 2 5o
natural cysteine amino acids, we also favored < 5
replacing alanine, serine or threonine residues 2
to minimize the likelihood that the resulting £
cysteine point mutation resulting from pro- £
tein splicing would disrupt Cas9 activity. 2
The 15 intein-Cas9 candidates were expressed
in HEK293-GFP cells together with a sgRNA
that targets the genomic EGFP locus in these ¢
cells. Twelve hours after transfection, cells ]
were treated with or without 1 UM 4-HT. Five & 4.
days after transfection, cells were analyzed %2
on a flow cytometer for loss of GFP expres- £ > ©7
sion from Cas9-mediated EGFP cleavage and 3 g 2
subsequent nonhomologous end joining. e

Eight of the candidates, corresponding to &
intein insertion at Alal27, Thr146, Ser219,
Thr333, Thr519, Cys574, Ser1006 and Ser1159,

demonstrated 4-HT-dependent loss of GFP
expression, consistent with 4-HT-triggered
Cas9 activity (Fig. 1c). Notably, three intein-
Cas9 variants (insertion at Ala728, Thr995
and Ser1154) showed high DNA modification
rates both in the presence and absence of 4-HT,
suggesting that large protein insertions at these
positions do not substantially inhibit nuclease
activity or that the intein lost its 4-HT depen-
dence owing to context-dependent conforma-
tional perturbations. We speculate that it may
be possible to engineer split Cas9 variants by
dividing the protein at these locations, given
their tolerance of a 413-residue insertion.
The lack of nuclease activity of the remaining
four intein-Cas9 variants (insertion at Cys80, Thr622, Ser701 and
Ser1274) in the presence or absence of 4-HT could result from the
inability of the intein to splice in those contexts, the inability of Cas9
to refold properly following splicing or intolerance of replacement
of native threonine or serine residues with cysteines. We pursued
two intein-Cas9 variants corresponding to insertion at Ser219 and
Cys574 (Fig. 1b). These two variants combined high activity in the
presence of 4-HT and low activity in the absence of 4-HT.

To evaluate the genome modification specificity of condition-
ally active Cas9 variants, we expressed intein-Cas9(S219), intein-
Cas9(C574) and wild-type Cas9 in HEK293-GFP cells together
with each of three previously described!? sgRNAs that target the
well-studied EMX, VEGF and CLTA genomic loci. We assayed
these Cas9-sgRNA combinations in human cells for their ability to
modify the 3 on-target loci as well as 11 known off-target genomic
sites (Supplementary Results, Supplementary Table 1)>¢!114, Cells
were treated with or without 1 uM 4-HT during transfection, and
after 12 h the medium was replaced with fresh medium lacking
4-HT. We observed no cellular toxicity arising from 12 h or 60 h of
treatment with 1 UM 4-HT in untransfected or transfected HEK293
cells (Supplementary Fig. 1). Genomic DNA was isolated 60 h after
transfection and analyzed by high-throughput DNA sequencing.

Overall on-target genome modification frequency of intein-
Cas9(S219) and intein-Cas9(C574) in the presence of 1 uM 4-HT
was similar to that of wild-type Cas9 (Fig. 2a, Supplementary Tables
2 and 3 and Supplementary Data Set 1). On-target modification fre-
quency in the presence of 4-HT was 3.4- to 7.3-fold higher for intein-
Cas9(S219) and 3.6- to 9.6-fold higher for intein-Cas9(C574) than in
the absence of 4-HT, whereas modification efficiency for wild-type
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Figure 2 | Genomic DNA modification by intein-Cas9(S219), intein-Cas9(C574) and
wild-type Cas9. (a) Indel frequency from high-throughput DNA sequencing of amplified
genomic on-target sites in the absence or presence of 4-HT. Note that a substantial number

of indels were observed at the CLTA on-target site even in the absence of a targeting sgRNA
(Supplementary Table 7). (b-d) DNA modification specificity, defined as on-target/off-target
indel frequency ratio®”, normalized to wild-type Cas9. Cells were transfected with 500 ng of the
Cas9 expression plasmid and incubated at transfection with medium containing T uM 4-HT.
After 12 h, the medium was replaced with medium lacking 4-HT. P values are <107 for the Fisher
exact test (one-sided, up) on comparisons of indel modification frequency in the presence versus
the absence of 4-HT for intein-Cas9(5219) and intein-Cas9(C574). P values were adjusted for
multiple comparisons using the Benjamini-Hochberg method and are listed in Supplementary
Table 3. Error bars reflect the range of two independent experiments conducted on different days.

Cas9 was 1.2- to 1.8-fold lower in the presence of 4-HT (Fig. 2a).
Both intein-Cas9 variants exhibited a low level of background activity
in the absence of 4-HT, consistent with previous reports?*-*. Western
blot analysis of intein-Cas9(S219) from transfected HEK293 cells
confirmed the presence of spliced product at the earliest assayed
time point (4 h) following 4-HT treatment; no spliced product was
detected in the absence of 4-HT (Supplementary Fig. 2). Together,
these results indicate that intein-Cas9(5219) and intein-Cas9(C574)
are slightly less active than wild-type Cas9 in the presence of 4-HT,
most likely owing to incomplete splicing (Supplementary Fig. 2),
but are much less active in the absence of 4-HT.

High-throughput sequencing of 11 previously described off-
target sites that are modified by wild-type Cas9-sgRNA com-
plexes targeting the EMX, VEGF and CLTA loci revealed that both
intein-Cas9 variants, when treated with 4-HT for 12 h, exhibit
substantially improved specificity compared to that of wild-type
Cas9 (Supplementary Fig. 3, Supplementary Tables 2, 4 and 5
and Supplementary Data Sets 1 and 2). On-target/off-target indel
modification ratios for both intein-Cas9 variants were on average
sixfold higher and as much as 25-fold higher than that of wild-
type Cas9 (Fig. 2b-d). In the absence of 4-HT, the genome modi-
fication specificity of both intein-Cas9 variants was on average
14-fold higher than that of wild-type Cas9 in the absence of 4-HT
(Supplementary Fig. 4), presumably resulting from the much lower
activity of the intein-Cas9 variants in the absence of 4-HT>~".

As intein-Cas9s can result in slightly lower on-target modification
rates compared to wild-type Cas9 (Fig. 2a), we sought to verify that
the improvements in specificity among the intein-Cas9s were not
simply a result of reduced activity. Both on- and off-target activity
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of Cas9 has been shown to be dependent on the amount of Cas9
expression plasmid transfected®”. By transfecting lower amounts of
the wild-type Cas9 expression plasmid, we compared intein-Cas9s
with wild-type Cas9 under conditions that result in very similar levels
of on-target modification. To minimize potential differences in
transfection efficiency, we supplemented with a plasmid that does
not express Cas9 so that the same total amount of plasmid DNA was
transfected into each sample. High-throughput sequencing revealed
that wild-type Cas9 shows slightly improved specificity, as expected,
as the on-target cleavage rate is reduced. The intein-Cas9 variants,
however, remain substantially more specific than wild-type Cas9
at similar on-target DNA cleavage rates (Supplementary Figs. 5-7,
Supplementary Tables 4 and 6 and Supplementary Data Set 2).
For example, intein-Cas9(C574) and wild-type Cas9 (80 ng) have
virtually identical on-target DNA cleavage rates (both 6.4%) at the
EMX locus, but all four off-target sites are modified at, on average,
fourfold lower frequencies (P < 1 x 107%) by intein-Cas9(C574) than
by wild-type Cas9 (80 ng). These findings indicate that specificity
improvements of intein-Cas9 variants do not simply arise from dif-
ferences in overall genome editing activity.

Intein 37R3-2 can be activated by other estrogen receptor mod-
ulators. To enable intein-Cas9 applications in which endogenous
B-estradiol is present, we inserted into the estrogen receptor ligand-
binding domain a point mutation (G521R) that renders the domain
more specific for 4-HT?. This mutation slightly reduces affinity for
4-HT but almost abolishes affinity for B-estradiol. The addition
of this mutation to intein-Cas9(S219) eliminates the ability of
[3-estradiol to trigger Cas9 activity (Supplementary Fig. 8).

The intein-Cas9 variants developed here enable small-molecule
control of Cas9 function, thereby enhancing genome modifica-
tion specificity. Together with our recent observations that direct
delivery of transient Cas9 protein into cells can also improve its
specificity?’, these findings strongly suggest that limiting the oppor-
tunity of genome-editing agents to modify off-target loci following
a period of activity sufficient to induce desired levels of on-target
modification results in substantial specificity improvements. Our
findings complement those of a recent study®® describing small
molecule-dimerized split Cas9 halves with improved specificity,
published while this study was in review. Because the intein-Cas9s,
unlike split Cas9 proteins, are expressed as single polypeptides
that, upon splicing, generate Cas9 proteins with an identical
(or nearly identical) amino acid sequence as wild-type Cas9, these
two approaches offer complementary strengths. We anticipate that
the use of ligand-dependent Cas9 variants will provide greater
control over genomic modification efficiencies and specificities than
what is currently achievable with constitutively active or transcrip-
tionally regulated genome editing. In principle, this approach could
synergize with other specificity-augmenting strategies such as using
truncated guide RNAs!, paired Cas9 nickases!®!! or FokI-dCas9
fusions'?'3. This approach could also be applied to other genome
engineering proteins to enable, for example, small-molecule control
of TALE-based or Cas9-mediated transcriptional regulators.
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Methods
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS

Cas9, intein-Cas9 and sgRNA expression plasmids. A plasmid encoding the
human codon-optimized Streptococcus pyogenes Cas9 nuclease with an NLS
and 3x Flag tag (Addgene plasmid 43861)¢ was used as the wild-type Cas9
expression plasmid. Intein 37R3-2 was subcloned at the described positions
into the wild-type Cas9 expression plasmid using USER (NEB M5505) cloning.
sgRNA expression plasmids used in this study have been described previously'2.
Plasmid constructs generated in this work will be deposited with Addgene.

Modification of genomic GFP. HEK293-GFP stable cells (GenTarget), which
constitutively express Emerald GFP, served as the reporter cell line. Cells were
maintained in ‘full serum medium’: Dulbecco’s Modified Eagle’s Medium plus
GlutaMax (Life Technologies) with 10% (v/v) FBS and penicillin/streptomycin
(1x, Amresco). 5 x 10* cells were plated on 48-well collagen-coated Biocoat
plates (Becton Dickinson). 16-18 h after plating, cells were transfected with
Lipofectamine 2000 (Life Technologies) according to the manufacturer’s protocol.
Briefly, 1.5 pl of Lipofectamine 2000 was used to transfect 650 ng of total plasmid:
500 ng Cas9 expression plasmid, 125 ng sgRNA expression plasmid and 25 ng
near-infrared iRFP670 expressing plasmid (Addgene plasmid 45457).
Twelve hours after transfection, the medium was replaced with full serum
medium, with or without 4-HT (1 puM, Sigma-Aldrich T176). The medium
was replaced again 34 d after transfection. Five days after transfection, cells
were trypsinized and resuspended in full serum medium and analyzed on a
C6 flow cytometer (Accuri) with a 488-nm laser excitation and 520-nm filter
with a 20-nm band pass. Transfections and flow cytometry measurements
were performed in triplicate.

High-throughput DNA sequencing of genome modifications. HEK293-
GFP stable cells were transfected with plasmids expressing Cas9 (500 ng)
and sgRNA (125 ng) as described above. For treatments in which a reduced
amount of wild-type Cas9 expression plasmid was transfected, pUC19 plasmid
was used to bring the total amount of plasmid to 500 ng. 4-HT (1 uM final),
where appropriate, was added during transfection. 12 h after transfection, the

doi:10.1038/nchembio.1793

medium was replaced with full serum medium without 4-HT. Genomic DNA
was isolated and pooled from three biological replicates 60 h after transfection
using a previously reported!? protocol with a DNAdvance Kit (Agencourt).
150 ng or 200 ng of genomic DNA was used as a template to amplify by PCR
the on-target and off-target genomic sites with flanking HTS primer pairs
described previously'2. PCR products were purified using RapidTips (Diffinity
Genomics) and quantified using the PicoGreen dsDNA Assay Kit (Invitrogen).
Purified DNA was PCR amplified with primers containing sequencing adaptors
and purified with the MinElute PCR Purification Kit (Qiagen) and AMPure
XP PCR Purification (Agencourt). Samples were sequenced on a MiSeq high-
throughput DNA sequencer (Illumina), and sequencing data were analyzed
as described previously®.

Western blot analysis of intein splicing. HEK293-GFP stable cells were trans-
fected with 500 ng Cas9 expression plasmid and 125 ng sgRNA expression
plasmid. 12 h after transfection, the medium was replaced with full serum
medium, with or without 4-HT (1 pM). Cells were lysed and pooled from three
technical replicates 4 h, 8 h, 12 h or 24 h after 4-HT treatment. Samples were
run on a Bolt 4-12% Bis-Tris gel (Life Technologies). An anti-Flag antibody
(Sigma-Aldrich F1804) and an anti-mouse 800CW IRDye (LI-COR) were used
to visualize the gel on an Odyssey IR imager.

Statistical analysis. Statistical tests were performed as described in the figure
captions. All P values were calculated with the R software package. P values
for the Fisher exact test were calculated using the fisher.test function, with a
one-sided alternative hypothesis (alternative = ‘greater’ or alternative = ‘less, as
appropriate). Upper bounds on P values that are close to zero were determined
manually. The Benjamini-Hochberg adjustment was performed using the R
function p.adjust (method = ‘fdr’).
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